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Abstract

Insulating paper holds significant importance in the insulation system of power transformers, and thus, its degradation
is the subject of many studies. A successful evaluation of the degradation rate of such paper contributes to reducing
downtime and avoiding equipment failure. In this work, samples of thermally upgraded paper were thermally aged in
insulating natural ester (INE) and insulating mineral oil (IMO) and were evaluated by degree of polymerization (DP)
and FTIR-ATR. It was possible to identify characteristic bands of dicyandiamide, an inhibitory compound of the thermal
degradation of the paper, and to establish a correlation between the decrease in DP and the consumption of dicyandiamide
during aging, which was observed to develop in three distinct steps for both IMO and INE.

Keywords: thermally upgraded paper, thermal degradation, insulating natural ester, insulating mineral oil.

1. Introduction

Transformers are essential equipment in modern electrical
systems, responsible for the necessary variations in voltages
for interconnection. An important part of a transformer is
its insulation system, which is basically composed of an
insulating fluid and an insulating solid!"!. This insulating
function has been well performed by insulating mineral
oil (IMO) and insulating paper for more than a century!?.

Because IMO is derived from petroleum, a non-renewable
resource, new alternatives for insulating fluids for the
electrical sector have been sought. Insulating natural esters
(INEs) show faster biodegradability than IMO and are
derived from renewable resources; thus, INEs are strong
candidates for replacing IMOP.

Solid insulation is performed by insulating paper based
on 90% cellulose coupled with hemicellulose, lignin and
traces of pentose; this insulating paper is fundamentally
important because it cannot be replaced while a transformer
is in service, and thus, the paper determines the useful
lifetime of the equipment™!.

The degree of polymerization (DP) is used to evaluate
the degradation of insulation paper; it indicates the average
number of a-D-glucopyranose units in a cellulose molecule.
The DP of fresh paper is greater than 1000, and the end of
the lifetime of a transformer is reached when the DP of the
insulating paper reaches approximately 200, the moment
when the paper no longer exhibits mechanical resistance and
the paper’s insulating properties are compromised®!. This DP
decrease is explained by the breaking of 1.4-f glycosidic
bonds in glucose monomers of cellulose chains by hydrolysis,
oxidation and pyrolysis. The most significant mechanism
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for cellulose degradation process in transformers is the
hydrolysis. Several studies have investigated the correlation
between cellulose depolymerization rate, activation energy
for breaking glycosidic bonds and paper lifetime!®..

The production of thermally upgraded paper (TU) started
in the 1950s to reduce the rate of thermal degradation of
the paper!'®!. Two methods for stabilizing the paper were
proposed: (i) the chemical modification of the cellulose
via cyanoethylation and acetylation and (ii) the addition
of nitrogen compounds to protect the cellulose from
oxidation — inhibitory compounds such as urea, melamine,
dicyandiamide and polyacrylamide. Due to environmental
concerns, chemical modification by cyanoethylation and
acetylation is no longer performed!''’.

By thermally accelerating the aging of kraft (KP) and
thermally upgraded paper in IMO, Martins!'”! observed a
lower thermal degradation rate for TU than for KP, possibly
due to the neutralization of the acid compounds formed
during the degradation process of the insulating system by
the nitrogen bases and the reduction of the effect of pyrolysis
due to the reactions occurring between the inhibitory
compounds and water.

Authors such as McShane et al.'?, Yang et al.'* and
Frimpong et al.l'"*), comparing the degradation of KP in IMO
and INE, observed the preservation of paper aged in INE.
The authors concluded that this protection can be attributed
to three main factors: (i) the INE can support hydrolysis and
consume the available water inside the insulation system,
reducing the potential for the hydrolysis of the paper; (ii) the
INE can dry the insulating paper due to the affinity between
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the esters and water and due to the high degree of solubility
of'the water in this insulating fluid compared to that in IMO;
and (iii) the progression of the so-called transesterification
process, through which cellulose molecules are modified
by the substitution of OH- groups in the cellulose by ester
groups, which are larger and more stable, increasing the
paper’s lifetime. However, only a few studies have been
dedicated to examining the aging of thermally upgraded
paper in INE.

In this work, the consumption of the inhibitor compound
used in upgraded paper was monitored by the FTIR-ATR
technique, and a correlation between the DP of the paper
aged in IMO and INE was established.

2. Experimental
2.1 Materials

The following materials were used: insulating thermally
upgraded paper for electrical equipment from Isoeletri;
insulating mineral oil AV-60IN Petrobras, with paraffin
chains 48%, naphthenic chains 48% and aromatics 4%, with
17 ppm of water content; insulating natural ester soybean
base Envirotemp FR3 Cargill, with 54 ppm of water content;
and electrolytic copper foils.

2.2 Sample aging

The paper was cut into pieces measuring 4 m in length
and 15 mm in width, rolled up and dried at 100 °C for 2 hours
in a vacuum oven. Electrolytic copper foils measuring
20 x 1 x 0.2 mm were prepared by first polishing them with
coarse sandpaper and then with finer sandpaper. The foils
were cleaned using cotton soaked in acetone and silicon
carbide polishing. The copper was used in order to simulate
the aging conditions of the transformer.

Samples of the oil (250 mL) were placed in biochemical
oxygen demand (BOD) flasks, and N, was bubbled into each
flask for 10 minutes to eliminate O,; then, a dried paper strip
and the copper foil were added and the flasks were closed.
The flasks were placed in an oven at 100 °C. The samples
were taken at 15, 30, 33, 36, 39, 42 and 45 days of aging.
After being removed from the oven, the samples were left in
a dark environment for 24 hours to reach room temperature.

2.3 Oil extraction

To facilitate the tests of the paper after aging, the
impregnated oil was extracted viaan ASE200 — Accelerated
Solvent Extractor from Dionex, using hexane as solvent, at
a temperature of 50 °C and pressure of 500 psi. After the
extraction, the paper was dried in an oven at 75 °C for 1 hour
and placed in a desiccator prior to analysis.

2.4 Degree of polymerization

The DP was determined by the viscometric method
according to the Brazilian standard ABNT NBR IEC
60450:20091"3), using a capillary viscometer immersed
in a water bath at 20 °C£0.1 °C and a 1 mol.L™! aqueous
solution of copper(Il) hydroxide bis (ethylenediamine)
from Aldrich . The paper sample was milled, dried and
weighted. After this, it was solved in copper(II) hydroxide
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bis (ethylenediamine) for 16 h with N, bubbling and the
viscosity of this solution was measured.

2.5 Dicyandiamide index

FTIR analysis of the dicyandiamide content in the paper
was performed by the reflectance technique, in a horizontal
ATR accessory from Graseby Specac, using a rectangular
ZnSe crystal measuring 10 x 50 mm. Paper samples were
positioned directly on the accessory, and pressure was
applied to enhance the contact between the crystal and
the paper surfaces. The instrument used for analysis was a
Vertex 70 Infrared Spectrophotometer from Bruker with a
resolution of 4 cm™'; 32 sweeps were performed over the
region between 4000 cm™ and 650 cm™'.

The calculus of dicyandiamide index was made by
dividing the integral of bands between 2194-2154 cm™,
the doublet from dicyandiamide, by the integral of band of
C-O bond of cellulose between 1188-914 cm™' (Equation 1).

integral of the bands between
-1
dicyandiamide index = 224572040 cm 1)
integral of the band between

1188-914 cm™!

3. Results and discussion

3.1 Degree of polymerization

Figure 1 shows the DP of the paper decreasing with
aging time and there was no significant difference between
the paper aged in IMO and aged in INE, indicating was not
reduction in the degradation rate of the paper in INE under
the conditions applied in the present work, how as suggested
by some authors!'>'¥, After 15 days of aging, the DP of the
paper decreased but remained close to 1000, a value still
considered suitable for the utilization of the paper. The DP
value continued to decrease until the aging time reached
between 33 and 42 days, during which the degradation
rate of the paper decreased, reaching a type of plateau.
During this time, the dicyandiamide most likely protected
the cellulose chains, decreasing the rate of chain breakage
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Figure 1. DP of the samples aged in natural ester (INE) and mineral
oil (IMO) versus aging time.
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and causing the degree of polymerization to fluctuate to a
lower degree. At 45 days after the beginning of the aging
process, the DP was reduced to 50% of its initial value, in
both IMO and INE, indicative that the mechanical properties
of the material could started to be compromised. According
to Shroff and Stannett!'®! the reduction of 50% of the value
of DP may be related to a decrease of approximately 25%
of tensile strength.

3.2 Dicyandiamide index

The FTIR spectrum of fresh insulating paper is shown
in Figure 2, which demonstrates bands related to cellulose,
the paper’s main component, as well as the characteristic
bands of the inhibitor compound.

The wide band at 3339 cm™' can be attributed to the
stretching vibration of the OH bond of hydroxyl groups.
The band at 2918 cm™ is due to the stretching of the C-H
bond. The signal associated with the bending of CH, bonds
occurs at 1425 cm™'. The signal corresponding to the
asymmetric stretching of the C-O-C bond is observed at
1159 cm, and that associated with the stretching of the C-O
bond occurs at 1027 cm. The band at 896 cm™! is possibly
related to B-glycosidic bonds, which are characteristic of
the cellulose molecule!'”.

The bands that appear in the regions of 1658 cm™ and
1560 cm™! can be attributed, respectively, to the C-N bonds
and to the deformation of the N-H bonds of primary amines!'®.
The doublet in the 2194-2154 cm™ region is attributed to the
resonance between C=N and C=NH, a characteristic absorption
band of the dicyandiamide compound because, among the
nitrogen compounds used as inhibitors in the insulating
paper upgrading process (urea, guanidine, acrylonitrile,
melamine and dicyandiamide), only the dicyandiamide
compound shows a doublet near 2200 cm™ in its FTIR
spectrum!’®. The intensity of the dicyandiamide doublet
decrease for both oils in aged paper spectrum.

The inhibitor cannot be directly quantified solely by the
integration of the band area of the compound’s absorption
region because the ATR technique is highly affected by the
contact between the sample and the crystal; therefore, the
consumption of dicyandiamide was analyzed by the band
ratio technique, resulting in semi-quantitative analysis
(Figure 3). It can be observed that the inhibitor content
in the aged paper, for both IMO and INE, decreased with
aging time, indicating that the dicyandiamide was consumed
during thermal aging. An increase in the consumption rate of
dicyandiamide was indicated by an abrupt change in the slope
of the curve beginning at 33 days of aging, corroborating
the plateau in the DP behavior shown in Figure 1, with the
decrease in the rate of breakage of the cellulose chains.

The samples aged in INE showed slight dispersion
in the data, possibly due to the fluid’s polarity and to the
affinity of the dicyandiamide nitrile group for the insulating
solid and liquid materials, which can promote the partition
of this stabilizing agent between the paper and INE, as
dicyandiamide is not chemically bound to cellulose. Again,
no large differences were observed between the samples aged
in IMO and INE over the same aging time, which confirmed
that there was no reduction in the rate of consumption of the
additive in paper aged in ester; this finding may indicate that
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Figure 2. FTIR-ATR spectra of thermally upgraded paper (TU),
new and after 45 days aging in IMO and ENI.
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Figure 3. Dicyandiamide index during aging time.

INE does not protect the paper from degradation under the
effects of the inhibitor. Yang et al.”” obtained similar results.

3.3 Correlation between DP and Dicyandiamide index

Figure 4 shows the behavior of the DP in relation to
the consumption of dicyandiamide. As in the study by
Morais et al.l'”), the inhibitor is observed to operate in three
steps. The first step occurs when the paper’s DP is above
800 and the bonds that are not protected by the inhibitor
can be broken, which generally begins to take place during
the drying of the paper. At this stage, in the unprotected
portions of the paper, acid-catalyzed hydrolysis can occur
via small molecules (formic acid, acetic acid), which are
readily absorbed in the paper’s structure causing oxidation
of the oil and paper; this process breaks glycosidic bonds
and decreases the DP. The oxidation of the paper may also
occur through the formation of hydroperoxide radicals,
which attack and open glucose rings, forming acids and
aldehydes and also reducing the size of the cellulose chains.
A certain amount of dicyandiamide is also most likely
consumed through Maillard reactions! between primary
amines (as is the case with dicyandiamide) and aldehydes
(which are formed during degradation of the oil and paper).
Furthermore, dicyandiamide acts as a base and reacts with
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Figure 4. Degree of polymerization (DP) as a function of
dicyandiamide index.

acids in the presence of water and temperature to form
ammonia and CO,, thereby consuming water. Ammonia
also acts as a primary amine and reacts with aldehydes!'?.

Second, the inhibitor begins to be consumed, but no
significant change in DP is observed, as evidenced by the
formation of a plateau between 33 and 42 days of aging.
During this period, the paper is being protected while the
inhibitor is being consumed by Maillard reactions and acid
hydrolysis.

In the third stage, approximately half of the stabilizer
has already been consumed and the DP reaches one-third
of its initial value at 45 days of accelerated aging.

As indicated by the curves shown in Figure 4, the type of
insulating fluid used did not affect the degradation processes
of thermally upgraded paper in any relevant way; in fact,
the effect of the stabilizing additives in the test systems
was observed to be more significant. Probably when the
dicyandiamide is fully consumed the paper degradation
kinetics will be slower in ENI.

4. Conclusions

The modification of electrical insulating paper during the
upgrading process was confirmed by the FTIR-ATR technique
via the identification of bands related to dicyandiamide in
the regions of 1658 cm™!, 1560 cm™' and 2194-2154 cm™'.

It was possible to correlate the consumption of
dicyandiamide during the paper aging process and the
decrease in the DP. In addition, the paper’s behavior in natural
ester was observed to be very similar to that in mineral oil.

Three different regions were observed for the consumption
of dicyandiamide as a function of aging, indicating that
changes in the degradation mechanism took place as the
inhibitor was consumed. Additionally, a slight dispersion
in the data was observed for the insulating natural ester
system, most likely due to the fluid’s polar nature, causing the
partition of dicyandiamide between the paper and the ester.

Finally, it was observed that the type of insulating fluid
used exerts a minor effect on the degradation of thermally
upgraded paper while the dicyandiamide is not fully consumed.
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